Acetylation of lysine residues is conserved in all three kingdoms; however, its role in prokaryotes is unknown. Here we demonstrate that acetylation enables the reference bacterium Escherichia coli to withstand environmental stress. Specifically, the bacterium reaches higher cell densities and becomes more resistant to heat and oxidative stress when its proteins are acetylated as shown by deletion of the gene encoding acetyltransferase YfiQ and the gene encoding deacetylase CobB as well as by overproducing YfiQ and CobB. Furthermore, we show that the increase in oxidative stress resistance with acetylation is due to the induction of catalase activity through enhanced katG expression. We also found that twocomponent system proteins CpxA, PhoP, UvrY, and BasR are associated with cell catalase activity and may be responsible as the connection between bacterial acetylation and the stress response. This is the first demonstration of a specific environmental role of acetylation in prokaryotes.
Introduction
The post-translational modification of acetylation occurs in all three domains of life [1] and regulates diverse aspects of metabolism in that 2700 proteins in mammals are acetylated related to central metabolism, mRNA splicing, protein synthesis, cell morphology, and cell cycle [2] . Although identified in 1963 for eukaryotes [2] , in bacteria, the role of acetylation has not been well characterized even though this modification is relatively common in that at least 91 proteins are acetylated in the best-studied strain, Escherichia coli, including the stress related heat shock proteins like DnaK and superoxide dismutase [3, 4] .
In Salmonella enterica, there is only one major bacterial protein acetyltransferase, Pat, and one nicotinamide adenine dinucleotidedependent deacetylase, CobB. These two enzymes control the status of lysine acetylation for acetyl-CoA synthetase as well as the acetylation of a number of central metabolic enzymes in S. enterica [5] . In E. coli, there are 23 putative lysine acetyltransferases that add acetyl groups to the epsilon amine of lysine using acetyl-coenzyme A as a substrate [1] . Ten Gcn-5 acetyltransferases in E. coli are confirmed for their function while the other thirteen remain enigmatic, including YfiQ which is the homolog of the single acetyltransferase in S. enteric [1] . Hence we chose to study YfiQ as the acetyltransferase because we expect that it also plays an important role in E. coli similar to Pat in S. enteric [1] and chose to study CobB as the deacetylase since it is the only confirmed deacetylase in E. coli [6] . Our goal was to determine the role of YfiQ and CobB in bacterial physiology by changing acetylation in E. coli.
Bacteria respond to various stresses by producing global regulators [7] . The universal stress proteins UspA and UspD are required for resistance to superoxide-generating agents [8] . Similarly, OxyR regulates the peroxide-mediated stress response in which at least 30 proteins are elevated over the basal levels upon the addition of peroxide stress [7] . In addition, the sigma factor RpoS regulates katG which encodes catalase in an OxyR-dependent way [9] . RpoS is also required for acid, heat, and salt resistance in E. coli O157:H7 [10] .
Since the ability of bacteria to respond rapidly to stress is a hallmark of their success and since protein modifications allow the most rapid response, we hypothesized that conserved protein acetylation may be related to the ability of the cell to withstand stress. Here we demonstrate that cells with decreased acetylation, through enhanced deacetylase CobB activity, are less resistant to heat and oxidative stress. Both a whole-transcriptome analysis and quantitative, reverse-transcription polymerase chain reaction (qRT-PCR) showed repression of katG under oxidative stress conditions when CobB is produced. Furthermore, we found that the two-component regulator proteins CpxA, UvrY, PhoP, and BasR are related to catalase activity and may work as the acetylation targets, which can thus control the stress response of the cell. Hence, we propose that the activity of some regulators that control stress gene expression, especially katG expression, is altered by acetylation.
Materials and methods

Bacterial strains, plasmids, and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli K-12 BW25113 and its isogenic mutants [11] obtained from the Genome Analysis Project in Japan. Plasmids pCA24N_cobB and pCA24N_yfiQ, carrying cobB and yfiQ under control of the P T5-lac promoter with tight regulation via the lacI q repressor, and the empty plasmid pCA24N were also obtained from the Genomic Analysis Project in Japan [12] . Expression of cobB and yfiQ was induced by 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) (Sigma, St. Louis, MO). All experiments were conducted in Luria-Bertani medium (LB) medium [13] at 37°C unless indicated otherwise. Kanamycin (50 lg/mL) was used for pre-culturing the isogenic knock-outs. Chloramphenicol (30 lg/mL) was used for maintaining the pCA24N-based plasmids. For the growth tests, overnight cultures were diluted to a turbidity of 0.05 at 600 nm and grown for 2 h, then 0.1 mM IPTG was used to induce cobB and yfiQ expression. One millilitre of culture was taken out at each time point, and the cell turbidity at 600 nm was measured.
Stress assays
Overnight cultures were diluted to a turbidity of 0.05 at 600 nm and grown for 2 h. Then 0.1 mM IPTG was used to induce cobB and yfiQ expression for 10 to 12 h. Cells were centrifuged and resuspended in phosphate buffered saline (PBS) to a turbidity of 1.0. For the heat resistance assay, samples were treated at 65°C for 20 min [14] . For the H 2 O 2 resistance assay, samples were mixed with 20 mM H 2 O 2 for 20 min [15] .
Catalase assays
Overnight cultures were diluted to a turbidity of 0.05 at 600 nm and grown for 2 h. IPTG (0.1 mM) was added, and the cultures were grown for another 4 h. Catalase activity was then measured two different ways in this study. For the spectrophotometric assay [16] , 1 mL of culture for each sample was washed and resuspended into PBS buffer for a turbidity at 600 nm of 0.5. For each sample, catalase activity was measured by checking the rate of H 2 O 2 decrease which is reflected by the rate of change of absorbance at 240 nm at 37°C. Two tubes were used for each sample, and 5 mM H 2 O 2 was added for one while the other one was used as a control. The conversion between H 2 O 2 concentration and absorbance was that 10 mM H 2 O 2 is equal to an optical density (OD) of 0.36 at 240 nm [16] . For the catalase activity of the two-component system mutants, overnight cultures for each strain were diluted to a turbidity of 0.05 at 600 nm and grown until a turbidity at 600 nm of 1.0. One millilitre of culture for each sample was taken and catalase activity was measured as described above.
The second method for catalase activity used a colorimetric assay with dicarboxidine/lactoperoxidase [17] . The cultures were washed and resuspended in M9 glucose medium for a turbidity of 1.0 at 600 nm. IPTG (0.1 mM) was added to each sample to induce the expression of cobB and yfiQ. The cultures were then incubated for 4 h. Before the test, a solution of 50 lg/mL of lactoperoxidase was mixed with an equal volume of 1 mM dicarboxidine solution in water (dicarboxidine is converted into a yellow product in a reaction catalyzed by the activity of lactoperoxidase, and the amount of color developed is directly proportional to the amount of H 2 O 2 present in the medium). To start the reaction, 10 mM H 2 O 2 was added to the culture, and samples (10 lL) were taken after every 2 min at the beginning and 5-10 min later. The samples were added to a 200 lL reaction mixture, and the absorbance (OD 450 nm) was measured immediately. Higher catalase activity causes a faster decrease in the OD 450 nm.
qRT-PCR
qRT-PCR was performed using the StepOne™ Real-Time PCR System (Applied Biosystems, Foster City, CA). After isolating RNA [18] using RNAlater™ (Ambion, Austin, TX), 50 ng of total RNA was used for the qRT-PCR reaction using the Power SYBR Ò Green RNA-to-C T ™ 1-Step Kit (Applied Biosystems). The primers are listed in Table 2 . The housekeeping gene rrsG was used to normalize the gene expression data [19] . The annealing temperature was 60°C for all the genes in this study. To investigate the transcription level of rpoS, katG, and katE under oxidative stress conditions, overnight cultures were diluted to a turbidity of 0.05 at 600 nm, grown for 2 h, 0.1 mM IPTG was added for another 4 h to induce cobB and yfiQ expression, and the cells were exposed to 20 mM H 2 O 2 for 10 min.
Whole-transcriptome analysis
Overnight cultures of cobB/pCA24N_cobB and cobB/pCA24N were diluted to a turbidity of 0.05 at 600 nm, grown for 2 h, 0.1 mM IPTG was added for another 4 h to induce cobB expression, and the cells were exposed to 20 mM H 2 O 2 for 10 min. Cell pellets were collected and resuspended in RNAlater (Ambion Inc., Austin, TX), and total RNA was isolated using the RNeasy Mini Kit (Qiagen Inc., Valencia, CA) [18] . The E. coli GeneChip Genome Table 2 Primers used for qRT-PCR in this study.
Primer name Sequence
2.0 array (Affymetrix, P/N 900551) was used, and cDNA synthesis, fragmentation, and hybridizations were performed as described previously [20] . If the gene with the larger transcription rate did not have a consistent transcription rate based on the 11-15 probe pairs (P-value less than 0.05), these genes were discarded. A gene was considered differentially expressed when the P-value for comparing two chips was lower than 0.05 (to assure that the change in gene expression was statistically significant and that false positives arise less than 5%) and if their fold change is higher than standard deviation for the whole genome [21] . The data have been deposited at the NCBI Gene Expression Omnibus (GEO ID: GSE29803).
Mass spectrometry (MS)
His-tagged RpoS, KatG, and KatE were purified from pCA24N-based plasmids in the cobB mutant (to purify potential acetylated proteins) and in the yfiQ mutant (to purify the potential unacetylated proteins). Overnight cultures were diluted in 1 L to a turbidity of 0.05 at 600 nm. Each sample was grown until the cell turbidity at 600 nm reached 0.6-1.0. Cultures were kept at 4°C for 45 min and then induced with 0.1 mM IPTG overnight at room temperature. Cell pellets were collected and lysed with a French Press. Supernatants were treated with 1 mL Ni-NTA agarose resin for 2 h. Purified His-tag proteins were digested with trypsin and cleaned with a zip-tip cleaning method. Samples were eluted with 4 lL 0.1% formic acid plus 25% and 50% acetonitrile. The MS results were obtained using 4800 MALDI TOF/TOF Analyzer (Applied Biosystems/MDS Sciex, Carlsbad, CA) [22] .
Results
YfiQ increases stress resistance and CobB decreases stress resistance
To test our hypothesis that lysine acetylation is related to stress resistance, we subjected E. coli yfiQ and cobB mutants to oxidative and heat stress (Fig. 1) ; the rationale was that inactivation of acetyltransferase YfiQ should decrease acetylation and inactivation of deacetylase CobB should increase acetylation of all the cell proteins. We found that decreasing acetylation by deleting yfiQ decreased oxidative and heat stress by 4-fold and 10-fold, respectively, while increasing acetylation by deleting cobB increased oxidative and heat stress resistance by 100 fold and 3-fold, respectively. These results were complemented by increasing acetylation by producing YfiQ via plasmid pCA24N_yfiQ (110-fold increase in oxidative stress resistance and 370-fold increase in heat resistance) and by decreasing acetylation by producing CobB via plasmid pCA24N_cobB (10-fold reduction in oxidative stress resistance and 27-fold reduction in heat resistance). Therefore, acetylation by YfiQ increases resistance to heat and oxidative stress while deacetylation by CobB decreases it. Hence, protein acetylation helps the cell respond to environmental stress. Fig. 1 . Resistance to oxidative and heat stress. E. coli BW25113 wild-type/pCA24N, cobB/pCA24N, cobB/pCA24N_cobB, yfiQ/pCA24N, and yfiQ/pCA24N_yfiQ were tested for H 2 O 2 resistance (A) and heat resistance (B) in LB medium at 37 C. Fig. 2 . Catalase activity. E. coli BW25113 wild-type/pCA24N, cobB/pCA24N, cobB/ pCA24N_cobB, yfiQ/pCA24N, and yfiQ/pCA24N_yfiQ were compared for their catalase activity using the a spectrophotometric method (A) and a colorimetric method with dicarboxidine/lactoperoxidase (B). Wild-type/pCA24N data are indicated by filled circles, cobB/pCA24N by empty circles, cobB/pCA24N_cobB by filled triangles, yfiQ/pCA24N by empty triangles, and yfiQ/pCA24N_yfiQ by solid squares.
CobB decreases catalase activity
Since producing CobB decreased resistance to hydrogen peroxide (Fig. 1A) , we investigated whether this phenotype was related to RpoS since RpoS is a positive regulator of catalase activity via katG and katE [23] . Catalase deactivates H 2 O 2 by converting it to H 2 O and O 2 [24] . Using two independent assays, we found that removing acetylation by producing CobB abolished catalase activity and increasing acetylation by deleting cobB increased catalase activity by 4.4-fold (Fig. 2) . Therefore, acetylation increases catalase activity. However, the catalase activity was not changed much by producing YfiQ (Fig. 2) . This is probably because of the contribution of the other nine functional acetyltransferases in E. coli [1] .
Catalase related proteins KatG, KatE, and RpoS are not acetylated
Since catalase activity was affected by acetylation (Fig. 2) , we investigated whether catalases KatG and KatE, as well as the regulator that controls catalase gene expression, RpoS, are acetylated. After analyzing around 100 peptide sequences, the MS results indicated that none of these proteins are directly acetylated on lysine residues. Hence, the KatG, KatE, and RpoS are all not acetylated, and the increased catalase activity by acetylation is not because of direct modification of these three proteins.
Catalase genes are induced by acetylation
To check if there are any differences in transcription of the catalase genes caused by acetylation, we measured gene expression via qRT-PCR for rpoS, katG, and katE (Table 3) . katG was repressed 3.8 ± 0.3-fold in the cobB/pCA24N_cobB strain compared to the cobB/pCA24N strain without H 2 O 2 addition. With the addition of 20 mM H 2 O 2 for 10 min, katG was repressed even more (25 ± 2-fold) for cobB/pCA24N_cobB vs. cobB/pCA24N. Hence, catalase genes are induced due to acetylation of some unknown cellular proteins. Probably stress activates some regulator via a post-translational modification which leads to induction of katG.
Acetylation induces the transcription of genes involved for various stresses
To analyze the global effect of acetylation on gene transcription, a whole-transcriptome analysis was performed with the cobB/ pCA24N_cobB strain vs. the cobB/pCA24N strain with the rationale that production of CobB should remove the acetyl groups on all the cell proteins. We found that in addition to katG and katE, various stress-related genes are repressed by deacetylation, including the heat shock genes dnaK [25] , osmotic stress genes osmB [26] and osmY [27] , acid resistance genes gadABCE and hdeABD [28] , cold shock genes cspAB [29] , carbon starvation gene csiD and slp [30] , and general stress gene yhbO [31] (Table 4) . Hence, protein acetylation is involved in various bacterial stress response systems.
Two-component systems may work as the targets for acetylation
Since various stress genes changed expression upon acetylation (Table 4) , we tested 14 mutants from all major two-component systems in E. coli for their catalase activity to see if any of these two-component system proteins can directly change catalase activity and can work as the targets for acetylation. The two-component systems tested included CpxA/CpxR (heat shock regulon [32] ), BarA/UvrY (related to oxidative stress [33] ), BasS/BasR (related to iron response [34] ), PhoQ/PhoP (related to acid resistance response [35] ), RcsC/RcsB (regulate cell division genes [36] ), ArcB/ ArcA (related to resistance to reactive oxygen stress [37] ), and EvgS/EvgA (related to acid resistance and multidrug resistance [38] ). Of these, we found that the cpxA, uvrY, phoP, and basR mutants showed less catalase activity than the other mutants (Fig. 3) . Hence we hypothesize that proteins CpxA, UvrY, PhoP, and BasR may work as the targets for acetylation by YfiQ and control bacterial stress response depending on their acetylation state.
YfiQ increases growth yield and CobB decreases it
We also found that cells with acetylation from producing YfiQ had a dramatically increased growth yield in rich medium while cells that lacked acetylation had reduced yield (Fig. 4) . Therefore, acetylation helps cells cope with the stress associated with stationary phase growth.
Discussion
Previously, the stress proteins heat shock protein DnaK [4] , heat shock chaperone HtpG, superoxide dismutase SodA [4] , SodB [3] , alkylhydroperoxide reductase AhpC [3] , and thioredoxin TrxA [3] were found to be acetylated in E. coli. However, there has been no prior report connecting the post-translational modification of acetylation and resistance to any environmental stress, and there has been no connection made between acetylation and a specific stress pathway. We discovered here that acetylation plays a significant role in the resistance to both oxidative stress and heat resistance; therefore, we connected protein acetylation and these two environmental stresses. We also found through a whole-transcriptome approach that acetylation controls an even broader range of stresses by altering expression of genes related to stress resistance (including osmotic, acid, cold, and carbon starvation); this is the first whole-transcriptome study for acetylation. Hence, here we connected protein acetylation to the resistance of specific stresses Table 3 qRT-PCR results for catalase-related genes rpoS, katG, and katE. DCt is the threshold difference between each gene and the housekeeping gene rrsG. Fold change indicates the gene transcription difference between the cobB/pCA24N_cobB strain vs. the cobB/pCA24N strain in LB medium at 37°C with 20 mM H 2 O 2 for 10 min. Fold changes are relative to the cobB/pCA24N sample. (i.e., showed acetylation is involved in both the response to oxidative and heat stress as well as linked acetylation to osmotic, acid, cold, and carbon starvation) and showed that for oxidative stress, the resistance stems from changes in transcription of the katG gene which encodes catalase. Bacteria sense some stresses via two-component systems and then regulate the expression of various genes. The survey of seven sets of two-component system proteins showed that CpxA, UvrY, PhoP, and BasR are involved in the cell stress response to oxidative stress (Fig. 3) ; therefore, these proteins are likely to be involved in the acetylation response required for catalase activity. Since stress resistance genes are activated less in the CobB overproduction strain (due to deacetylation), we predict that one or more of these two-component proteins (a sensor or regulator) or the essential genes that the regulator directly controls, needs acetylation to respond to oxidative stress. Previously the two-component system protein RcsB was found to be acetylated in E. coli [39] . However, in our results, we did not see a large effect of RcsB on catalase activity (Fig. 3) . Since the RcsB/RcsC two-component system is required for acid resistance [40] , it is also possible that RcsB may work with other two-component system proteins after acetylation and thus change the cell physiology. Fig. 3 . Catalase activity for mutants of two-component systems. Single mutants from seven sets of two-component systems were compared for their catalase activity using the spectrophotometric method. The katE mutant was used as a negative control. Fig. 4 . Growth curves. The strains were grown in LB medium with 30 lg/mL chloramphenicol to retain the plasmids at 37°C, and 0.1 mM IPTG was added to induce cobB and yfiQ expression after 2 h. Symbols as defined in Fig. 2B .
